When a figure moves behind a stationary narrow slit, observers often report seeing the figure as an integrated whole, a phenomenon known as slit viewing or anorthoscopic perception. Interestingly, in slit viewing, the figure is perceived compressed along the axis of motion, e.g., a circle is perceived as an ellipse. Underestimation of the speed of the moving object was offered as an explanation for this apparent compression. We measured perceived speed and compression in anorthoscopic perception and found results that are inconsistent with this hypothesis. We found evidence for an alternative hypothesis according to which apparent compression results from perceived speed differences between different parts of the figure, viz., the trailing parts are perceived to move faster than the leading parts. These differences in the perceived speeds of the trailing and the leading edges may be due to differences in the visibilities of the leading and trailing parts. We discuss our findings within a non-retinotopic framework of form analysis for moving objects.
General introduction
In human vision, the three-dimensional structure of an object is mapped through the optics of the eye onto a two-dimensional retina creating a retinotopic image of the object. The connections from the retina to the early visual areas of the brain are topographic in that, neighboring points on the retina project to neighboring points in the early visual areas, a property known as retinotopy (Sereno et al., 1995; Tootell, Silverman, Switkes, & De Valois, 1982) . Neurons in these retinotopic areas analyze a visual scene locally through their retinotopically anchored receptive fields. Although this type of local processing may explain how form information is processed for static objects, it falls short when it comes to the analysis of form of moving objects. Moving objects activate retinotopically-localized neurons along the path of motion for a limited time which may not be sufficient for a complete analysis. The analysis of the form of moving objects becomes even harder in natural viewing conditions due to constant occlusions imposed by surrounding moving or stationary objects. These observations suggest that non-retinotopic computational mechanisms are needed to process the form of moving objects. In fact, psychophysical data show that a retinotopic image is neither necessary nor sufficient for the perception of form. One of the paradigms showing that the existence of a retinotopic image is not sufficient for the perception of form is visual masking (reviews: Bachmann, 1994; Breitmeyer & Ögmen, 2000 Breitmeyer & Ögmen, , 2006 . In this paradigm, a target can be rendered invisible by a retinotopically non-overlapping mask which is presented in the temporal vicinity of the target (para-or metacontrast masking). Slit viewing or anorthoscopic perception is an example showing that a retinotopic image is not necessary for the perception of form. When a figure moves behind a stationary narrow slit, observers often report seeing the figure as an integrated whole although each slice of the figure excites the same area on the retina (Parks, 1965; Zöllner, 1862) , i.e., there is no spatially extended retinotopic image. Helmholtz (1867 Helmholtz ( /1962 argued that anorthoscopic percepts are merely the artifacts of ongoing eye movements, i.e., observers unconsciously track the figure when the figure moves behind the slit. Each successive slice of the figure is painted onto nearby positions on the retina. In support of this retinal painting hypothesis, Helmholtz (1867 Helmholtz ( /1962 claimed that with proper fixation, a unified percept of the figure is not seen (see also Anstis & Atkinson, 1967; Haber & Nathanson, 1968) .
A century after Helmholtz's studies, Parks (1965) re-visited this question by presenting observers a line drawing of a camel as it oscillated behind a vertical slit (Fig. 1) . He reported that given proper stimulus conditions, the camel figure would appear as a whole in the vicinity of the slit, even in the absence of any eye movements. As a mechanism, he suggested that each part of the figure must be temporarily stored in a post-retinal storage and the whole figure must be integrated spatially by reading from this storage according to a ''time-of-arrival coding".
Later studies also cast substantial doubt on the adequacy of the retinal painting hypothesis as the exclusive mechanism for anorthoscopic perception (Fendrich & Mack, 1980 Rieger, & Heinze, 2005; Fujita, 1990; McCloskey & Watkins, 1978; Morgan, Findlay, & Watt, 1982; Nishida, 2004; Rieger, Grüschow, Heinze, & Fendrich, 2007; Rock, 1981; Sohmiya & Sohmiya, 1992 , 1994 . Under free-viewing conditions, anorthoscopic percepts cannot be accounted for by spontaneous pursuit eye movements (Fendrich et al., 2005; Rieger et al., 2007) . On the other hand, these results also do not completely dismiss the possibility that anorthoscopic percepts can be generated or facilitated by a deliberate pursuit. In fact, Morgan et al. (1982) proposed a hybrid model in which an anorthoscopic percept can be the outcome of either a retinal painting or post-retinal process depending on the stimulus conditions, such as presence or absence of eye movements and slit width.
Despite the controversial debate about the underlying mechanisms of slit viewing, there is agreement that the target figure appears compressed along the axis of motion, e.g., as seen in Fig. 1 , a camel is perceived foreshortened in the horizontal direction (Anstis & Atkinson, 1967; Haber & Nathanson, 1968; Helmholtz, 1867 Helmholtz, / 1962 McCloskey & Watkins, 1978; Morgan et al., 1982; Parks, 1965; Rock, 1981; Rock & Sigman, 1973; Zöllner, 1862) . Advocates of the retinal painting hypothesis have suggested that this distortion results from the failure of observers to move their eyes in perfect synchrony with the figure (Anstis & Atkinson, 1967; Haber & Nathanson, 1968; Helmholtz, 1867 Helmholtz, /1962 . However, a recent study showed that under free-viewing conditions, the apparent figure compression is not related to either pursuit or saccadic eye movements and is unaffected by spontaneous tracking eye movements (Rieger et al., 2007) . Another explanation for the apparent compression was proposed by Rock (1981) . According to his argument, the speed and the direction of the figure are ambiguous (Shimojo & Richards, 1986) . He argued that the perceived length of the figure depends entirely on its perceived speed and the apparent compression results from the underestimation of the actual physical speed.
Here, we directly tested Rock's hypothesis by measuring the perceived speed and the perceived width of an outlined ellipse moving behind a slit (Experiment 1). Contrary to Rock's hypothesis, the results of this experiment showed that the magnitude of the compression cannot be explained by the underestimation of the speed of the figure. In Experiment 2, we tested our alternative hypothesis which states that the apparent compression of a figure in slit viewing results from differential perceived speeds of its parts. In Experiment 3, we investigated the role of visibility in perceiving the different parts with different speeds. Finally, the results are discussed in a general theoretical framework for the analysis of form of moving objects.
General methods
Visual stimuli were generated via the visual stimulus generator card (VSG 2/3) manufactured by Cambridge Research Systems. The card was programmed by using its driver library and the stimuli were displayed on a 19-in. color monitor set at a resolution of 656 Â 492 with a refresh rate of 100 Hz (Experiment 1 and 2) or at a resolution of 800 Â 500 with a refresh rate of 160 Hz (Experiment 3). The distance between the monitor and the observer was 91 cm at which the screen covered a 25°b y 19°visual area. The room in which the experiments were conducted was dimly illuminated by the light coming from the image on the screen. A chin rest was used to aid the observer to keep his/her head still while fixating his/her eyes on the fixation point displayed at the center of the monitor. The visual stimuli were presented on a uniform background. Practice sessions were run before the experimental sessions in order to familiarize the observer with the apparatus and the task. The results of the practice sessions were not included in the data analysis. Behavioral responses were recorded for offline analysis via a joystick connected to the computer which drives the VSG card. Details of the stimuli will be given in the methods of specific experiments.
Participants were two of the authors (M.A. and H.Ö.) and four volunteers who were naive to the purpose of the experiments. The age of the participants ranged from 17 to 49 years. All participants had normal or corrected-to-normal vision. The experiments were undertaken with the permission of The University of Houston Committee for the Protection of Human Subjects. Informed consent was obtained from the participants before the experiments were conducted.
3. Experiment 1: The perceived speed and width of an ellipse moving behind a slit
Introduction
As mentioned, there are several theories to explain the apparent compression of a figure moving behind a slit (Anstis & Atkinson, 1967; Rock, 1981; Zöllner, 1862) . One such theory states that the perceived width of the figure depends entirely on its perceived speed and the apparent compression results from the underestimation of its actual physical speed (Rock, 1981) . We tested this hypothesis by measuring the perceived speed and width of a figure moving behind a slit.
Methods
The perceived speed of an ellipse moving behind a slit was measured by using the method of constant stimuli (Fig. 2) . The test ellipse, with a major axis of 7.1°and a minor axis of 5°, moved behind the slit with three different speeds: 3.6, 7.1, and 10.7°/s. The direction of motion of the test ellipse (rightward or leftward) was randomized from trial to trial. The center of the slit (21.3 arcmin wide and 6.4°tall) was presented 3.55°below the fixation point. To map the psychometric function, a comparison ellipse with the same dimensions as the test moved with five different speeds for each value of the test speed: (i) 1.8, 3.6, 5.3, 7.1, and 8.9°/s for the test speed of 3.6°/s, (ii) 5.3, 7.1, 8.9, 10.7, and 12.4°/ s for the test speed of 7.1°/s, and (iii) 8.9, 10.7, 12.4, 14.2, and 16°/s for the test speed of 10.7°/s. The values of the comparison ellipse were chosen according to pilot experiments. The direction of motion of the comparison ellipse, which was presented simultaneously with the test ellipse, was always opposite to that of the test in order to eliminate possible position cues in speed judgments. The motion of the comparison ellipse, unlike the test, was fully visible from start to end and was centered 3.55°above the fixation point. The test and the comparison ellipses were black (4 cd/ m 2 ) on a white background (40 cd/m 2 ). The luminance of the background on which the slit was cut was 20 cd/m 2 . The task of the observer was to report whether the test or the comparison ellipse appeared to move faster. After mapping the psychometric functions, the speed of the comparison ellipse that yielded a 50% faster-or-slower response level was calculated and taken as a point Fig. 1 . Parks' camel. If a tall narrow slit (1 mm wide Â 40 mm high) is cut in an opaque material, and then a black-on-white outline drawing of a camel (25 mm high Â 40 mm long, dashed outline) is passed behind the stationary slit, ''Observer will see the picture as a whole appearing briefly in the vicinity of the slit" (Parks, 1965, p. 145) . Parks (1965) also reports that the camel appears foreshortened along the direction of movement (solid outline). Adapted from Parks (1965). of subjective equality. In a given session, different test speeds were interleaved and there were 10 trials for each test and comparison speed pair yielding a total of 150 trials per session. Each observer participated in two sessions.
The perceived width of the ellipse was measured by using the method of adjustment. All stimulus parameters and the display were the same as in the perceived speed experiment except that only the test ellipse was presented. After the test ellipse has passed through the slit, the slit disappeared and a stationary comparison ellipse, with an adjustable width and the same height as the test, was presented 3.55°below the fixation point. The task of the observer was to adjust, via a joystick, the width of the comparison ellipse to the perceived width of the test. A compression magnitude was calculated as the difference between the perceived width of the test ellipse and its physical width. In a given session, different test speeds were interleaved and there were 10 trials for each test speed yielding a total of 30 trials per session. Each observer participated in two sessions.
Results
Fig . 3 shows the results of Experiment 1 averaged over three observers. In Fig. 3a , the perceived width of the ellipse is plotted as a function of the physical speed of the ellipse. The dotted horizontal line depicts the physical width of the ellipse. Data points below that line show compression. For all speed values tested, the ellipse is perceived as compressed along the axis of motion (14%, 18%, and 23% compression at 3.6, 7.1, and 10.7°/s, respectively) although the effect reached significance only for the faster two speeds [t(2) = 3.514, p = .072; t(2) = 4.949, p = .038 and t(2) = 6.005, p = .027 for 3.6, 7.1 and 10.7°/s, respectively]. The effect of speed was also significant [F(2, 4) = 23.004, p = .006]. This compression cannot be explained by the underestimation of the speed, since the ellipse is always perceived to move faster than its physical speed (Fig. 3b , our data, diamonds) [F(1, 2) = 28.187, p = .007]. For easy comparison, we also plot Rock's prediction of the perceived speed ( Hence, our results do not support the hypothesis that the apparent compression of an anorthoscopically viewed figure results from the underestimation of its actual physical speed as proposed by Rock (1981) . In our experiment, the test ellipse moving behind the slit was always presented in the lower visual field. It was previously shown that individual observers can exhibit marked and systematic upper vs. lower visual field differences in perceived speed, the directions of which vary among the observers (Smith & Hammond, 1986 ). Hence, it is possible that our observed speed overestimation (Fig. 3b , our data, diamonds) might not be due to slit viewing per se but rather due to our observers' bias to judge the perceived speed faster in the lower visual field than in the upper visual field. To rule out this possibility, we ran a control experiment in which the test ellipse was also fully visible from start to end as the comparison ellipse, i.e., there was no slit. If the speed overestimation is due to observers' visual field bias, then the overestimation should be present in the control data as well. However, as can be seen in Fig. 3b , our control data are virtually identical to the veridical speed values [F(1, 2) = 0.103, p = .779]. Hence, we can conclude that the speed overestimation is not due to some bias in speed estimation related to visual field anisotropies, but instead, due to the presence of the slit. 
Discussion
In Experiment 1, we found that the magnitude of compression increases with speed. Previously, Haber and Nathanson (1968) qualitatively reported and Morgan et al. (1982) quantified this effect. They reported 14-85% compression for a speed range of 1.5-6°/s (Morgan et al., 1982) . In general, their compression percentages are much larger than ours. We speculate that two factors could contribute to this quantitative difference. First, the slit width seems to play a role. For their larger slit width, the compression reduces to 9-54% for the same speed range. If the same trend continues, one should expect less compression for our even larger slit width. Second, the stimulus width might play a role. Their largest stimulus width is much smaller than the stimulus width we employed in this study. Our preliminary data (not shown here), in which we demonstrated that the magnitude of compression changes non-monotonically with the stimulus width, also emphasize the importance of stimulus dimensions. In addition, Fendrich et al. (2005) reported that the stability of the anorthoscopic perception depends on the stimulus shape being viewed.
Recently, Rieger et al. (2007) also quantified the magnitude of compression as a function of speed. They moved outlined linkedloop shapes behind a narrow slit. At 8°/s, they found a compression by an average of 23% which is very similar to our findings. Interestingly however, at 4°/s, they found an elongation by an average of 11% (see also, Zöllner, 1862, and Rock, 1981 , for reports of elongation at slower speeds). Although, in our results, the magnitude of compression decreases as the speed decreases, our observers never experienced an elongation (Fig. 3a) . At the moment, other than subjective criteria, we have no explanation for this discrepancy.
Experiment 2:
The perceived speeds of the leading and the trailing parts of the ellipse
Introduction
In Experiment 1, all subjects informally reported that the ellipse moved faster and faster as it gradually disappeared behind the slit. If this is true, then the apparent compression of the ellipse might be due to this perceived speed difference. To test this hypothesis, in Experiment 2, we quantitatively measured the perceived speeds of the trailing and leading halves of the ellipse.
Methods
All stimulus parameters, the design and the display were the same as in the perceived speed experiment in Experiment 1 except the task. In some sessions, observers were asked to attend to the leading half of the test ellipse and to report whether the leading half of the test ellipse or the comparison ellipse appeared to move faster. Similarly, in other sessions, observers were asked to attend to the trailing half of the test ellipse and to report whether the trailing half of the test ellipse or the comparison ellipse appeared to move faster.
Results
Fig . 4 shows the results of Experiment 2 for three observers as well as their average. On average, for all speed values tested, the trailing half of the ellipse (trailing, triangles) is always perceived to move faster than the leading half of the ellipse (leading, squares) although the effect reached significance only for the fastest speed [t(2) = 1.692, p = .233; t(2) = 3.251, p = .083; and t(2) = 5.396, Fig. 4 . The results of Experiment 2. Individual results for three observers as well as their average are shown. In each panel, the perceived speed of the leading (squares) and the trailing (triangles) halves of the ellipse are plotted as a function of the physical speed. The speed judgments for the whole ellipse measured in Experiment 1 are also plotted (diamonds). The dotted diagonal line represents veridical speed perception. In the individual data, standard error bars represent between-session variability for a given observer. In the average data, error bars represent ±1SEM across observers (N = 3). p = .033 for 3.6, 7.1, and 10.7°/s, respectively]. Additionally, on average, the trailing half is perceived to move faster than the physical speed of the ellipse denoted by the dotted diagonal lines in Fig. 4 [F(1, 2) = 187.374, p = .005]. The leading half is also perceived to move faster than the physical speed for two observers (M.A. and H.K.), although the effect failed to reach significance on average [F(1, 2) = 4.482, p = .168]. Hence, at least for two observers, both halves appear to move faster when the ellipse is seen through the slit, but the perceived speed difference is more pronounced for the trailing half. These results support our hypothesis that the apparent compression of a figure in slit viewing results from differential perceived speeds of its parts. More specifically, the trailing parts of the figure are perceived to move faster than the leading parts.
In Fig. 4 , we also plot the speed measurements for the whole ellipse as measured in Experiment 1 (whole, diamonds). For observer M.A., the speed perception for the whole ellipse overlaps with that of the trailing half of the ellipse. For the other two observers, however, it falls between the speed perceptions for the trailing and the leading halves of the ellipse.
It might be argued that the perceived speed difference between the leading and trailing ends might be specific only to ellipses and does not apply to other shapes. For example, when an ellipse moves behind a slit, the amplitude of instantaneous local velocity vectors gradually decreases in the leading half and gradually increases in the trailing half. Hence, it can be argued that the deceleration in the leading half and the acceleration in the trailing half can account for the perceived slowing down of the leading parts and the perceived speeding up of the trailing parts, respectively. To rule out this possibility, we re-ran Experiment 2 and the whole ellipse condition from Experiment 1 with a diamond shape for which there is no deceleration or acceleration for the leading and trailing halves. The dimensions of the axes of the diamond were the same as those of the ellipse. The data were collected only for the fastest speed of 10.7°/s, at which the difference in perceived speed between leading and trailing halves is largest (see Fig. 4) . Two of the authors and one new, naive observer participated in the experiment. Fig. 5 shows the results of this experiment averaged over three observers. Similar to the ellipse data, the diamond as a whole is perceived to move faster than its physical speed depicted by the dashed line [t(2) = 25.855, p = .001]. But more importantly, the trailing half of the diamond is again perceived to move faster than the leading half of the diamond [t(2) = 10.29, p = .009]. Hence, our data for the ellipse shape can be generalized to other shapes as well.
Discussion
Brown (1931) demonstrated that perceived speed of equallyspaced dots moving within apertures increases with smaller aperture sizes. He proposed a transposition principle: ''If a moving field in a homogeneous surrounding field is transposed in its linear dimensions as 1:2, the stimulus velocity must be transposed by a like amount in order that the phenomenal velocity in both cases be identical" (Brown, 1931) . Later studies replicated the basic aperture size effect using a single dot (Epstein, 1978) and random dot kinematograms (Ryan & Zanker, 2001; Snowden, 1997) . Although these studies do not directly apply to anorthoscopic perception since the stimuli were always visible as a whole in the aperture, the transposition principle can partly explain why an anorthoscopically viewed object is perceived to move faster than its fully visible counterpart. In fact, our preliminary data (not shown here) show that the perceived speed of an ellipse moving behind a slit deviates more and more from its veridical value with decreasing slit width.
Another potential factor which might contribute to the observed speed overestimation can be the presence of reference marks in anorthoscopic perception. Brown (1931) found that simple dots appeared to move faster by 25% when moving across an inhomogeneous background than across a homogeneous (blank) background. Similarly, Gogel and McNulty (1983) showed, using a tactile comparison motion, that the apparent speed of a point of light increased by 42% as the density of stationary reference marks, evenly distributed along the path of motion, increased. They explained their results by suggesting that the reference marks increase the effect of relative motion cues over absolute ones in determining the visual speed. There are studies which support the notion of a strong relationship between relative-motion magnitude and perceived speed (De Bruyn & Orban, 1999; Edwards & Grainger, 2006) . Hence, we speculate that, in anorthoscopic perception, the boundaries of the slit can serve as reference marks for the motion of the figure. In agreement with this reasoning, in Experiment 1, we found that the speed of the ellipse moving behind the slit was always faster than the comparison ellipse moving across a homogeneous background.
Recently, Palmer and Kellman (2001 , 2002 , 2003 proposed that the apparent compression in anorthoscopic perception may be due to the underestimation of an object's speed after occlusion. According to their argument, in constructing the whole shape, the visible trailing part of an object is integrated with the already occluded leading part whose speed is underestimated under occlusion. Due to this underestimation, the leading part appears closer to the slit than it really is, hence, resulting in compression. In fact, studies showing that the velocity of smooth pursuit eye movements decays as the pursuit target goes under occlusion (Bennett & Barnes, 2004 indirectly support this proposition. Although we do not disagree that the speed of an occluded part of an object might be underestimated, we argue that it can only modulate, rather than determine, the apparent compression. This argument follows from our data showing that the perceived speed of the leading part of the ellipse, even when it is visible, is slower than the trailing part (Fig. 4) . Hence, shape estimation based on perceived speeds predicts compression when the leading and the trailing parts are both visible. If the leading part is perceived to slow down after occlusion as suggested by Palmer and Kellman (2001 , 2002 , 2003 , this can only increase the magnitude of compression which was already present.
Our hypothesis that the apparent compression of the ellipse is caused by the fact that the leading part of the ellipse is perceived to move slower than the trailing part also predicts an asymmetry as well as a distortion in the perceived shape of the ellipse. Recently, Roulston, Self, and Zeki (2006) reported asymmetrical compression of objects moving behind an aperture. They explained their results by the co-occurrence of two perceptual illusions: the ''Fröhlich effect" in which the first perceived position of a moving target appearing behind an occluder is shifted in the direction of motion (Fröhlich, 1930; Metzger, 1932; Rubin, 1930) and the ''reverse-representational momentum" in which the final relative position of two bars moving towards each other is mislocalized in the direction opposite to their motion trajectories. According to our theory, on the other hand, the asymmetrical compression is the result of perceiving the trailing side to move faster than the leading side.
Although these two theories are not mutually exclusive, a number of issues should be considered in analyzing their applicability to anorthoscopic perception. In Roulston et al.'s study, the diamond-shaped array was fully visible through the wide aperture for a brief period of time. Their explanation for the compression relies on the simultaneous and/or selective occurrence of the Fröh-lich effect at the trailing edge and the reverse-representational momentum effect at the leading edge. However, for a narrow aperture, neither simultaneity nor selectivity is satisfied. Furthermore, since Roulston et al.'s theory is based on the integration of position signals along the motion trajectory and since the motion trajectory is confined to the area inside the slit, according to their theory the magnitude of compression cannot be greater than the slit width. Contrary to this prediction, in Experiment 1 we found that, at the fastest speed we used, the magnitude of compression was more than four times the slit width.
Experiment 3: Visibilities of different parts of a figure moving behind a slit

Introduction
In Experiment 2, we showed that the trailing half of the ellipse is perceived to move faster than the leading half. Additionally, all observers informally reported that the trailing half of the ellipse was more vivid and easier to see than the leading half. One possible explanation for the differential perceived speeds, then, might be due to the reduced visibility of the leading half of the ellipse. Previously, it was shown that a lower-contrast object appears to move more slowly than a higher-contrast one moving at the same speed (Anstis, 2001 (Anstis, , 2004 Blakemore & Snowden, 1999; Stone & Thompson, 1992; Thompson, 1982 ; but also see Thompson, Brooks, & Hammett, 2006) . In Experiment 3, we objectively measured the visibilities of different parts of a figure moving behind a slit.
To devise an objective experiment in slit viewing is a challenging task. There is always a possibility that the recognition of the object seen through the slit is just the result of some cognitive inference. According to the cognitive interpretation, the observer might not have seen the whole object, but instead caught a defining feature of the object while it was passing through the slit, e.g., the nose of a face or the wheel of a car. Based on this definitive feature, the observer could make an inference about the shape of the object without directly perceiving it (Casco & Morgan, 1984; Haber & Nathanson, 1968) . To avoid the use of definitive features and hence to exclude the cognitive interpretation, we adopted and modified a display first introduced by Hogben and Di Lollo (1974) . Hogben and Di Lollo (1974) investigated visible persistence using a missing-dot localization task. Their stimulus consisted of 24 dots arranged in a 5-by-5 matrix with a single dot removed. The matrix was presented in two frames of 12 dots, separated by an inter-stimulus interval (ISI) during which the screen was blank. Observers were required to report the location of the missing dot. Because of the large number of dots, it is assumed that the accurate localization is achieved not by memorizing the spatial locations of individual dots in the two frames but rather by the integration of the two frames into a single percept wherein the missing dot perceptually pops up. The duration of visible persistence of the first frame of dots is the maximum ISI at which the localization is still possible. In Experiment 3, we presented a 5-by-5 matrix in a single frame with five missing elements. Due to the large number of dots and the absence of any definitive features, we also assume that observers needed to perceive the whole matrix to accomplish the task.
Methods
A 5-by-5 square grid pattern was created (Fig. 6, moving grid) . Each element of the grid was either blank or a filled circle with a diameter of 12.8 arcmin. The horizontal and vertical center-to-center distances between the elements were both equal to 21.3 arcmin. Hence, the whole grid covered 1.6°by 1.6°area. The elements were black (4 cd/m 2 ) on a white background (40 cd/ m 2 ). The grid moved rightwards or leftwards (selected randomly for each trial) with a speed of 5.65°/s. The height and the width of the slit were 7.1°and 21.3 arcmin, which is the center-to-center distance between the grid elements, respectively. The observer viewed the moving grid through the slit. The luminance of the background on which the slit was cut was 20 cd/m 2 . A fixation point was provided at 6.4 arcmin to the left of the slit. One second after the grid passed through the slit, the slit disappeared and a stationary comparison grid was presented at the center of the screen. The comparison grid was either identical to or different from the original moving grid. The task of the observer was to report whether the moving grid and the comparison grid were the same or different. The comparison grid stayed on the screen until the observer responded. The percentage of correct responses for the same/different judgments was calculated.
Furthermore, to determine the visibilities of the different parts of the grid, we designed the stimuli so as to confine the critical information in different columns of the grid. To that end, there were two conditions. In the Random Grid condition, five randomly chosen elements (out of 25) of the moving grid were omitted (i.e., blank). The comparison grid was either identical to this moving grid or was a modified version of it by changing the location of one of the five missing elements. The missing element whose position was changed was selected randomly and was moved to one of its neighboring locations with the only constraint that the newly chosen position was not empty in the moving grid. The original position of the re-located missing element was filled so that both the moving and the comparison grids contained five missing elements (Fig. 6 , comparison grid in the Random Grid condition).
In the Special Grid condition, the goal was to localize the information relevant to the decision to a particular column of the grid so as to assess the visibility of that particular column. To construct the moving grid, first, one of the five columns of the grid was randomly chosen. That trial served to measure the visibility of that pre-determined column. Next, in that pre-determined column, one of the five elements was randomly chosen and removed from the grid (a missing probe-element, hereafter). Additional four to-beremoved elements were chosen randomly from the remaining 24 elements. Hence, the moving grid had five missing elements. As in the Random Grid condition, the comparison grid was either identical to the moving grid or was a modified version of it. When modified, the missing probe-element was moved to one of its neighboring locations in the same pre-determined column with the only constraint that the newly chosen position was not empty in the moving grid. The original position of the missing probe-element was filled so that the comparison grid had also five missing elements (Fig. 6 , comparison grid in the Special Grid condition).
The Random Grid and the Special Grid conditions were interleaved in a given session. In each session, there were 16 trials for the Random Grid condition and 80 trials for the Special Grid condition (16 trials for each one of the five pre-determined columns). Each observer participated in 5 sessions.
Results
Fig . 7 shows the results of Experiment 3 averaged over four observers. The results for rightward and leftward motions were combined such that Column 1 always represents the most leading column, and similarly, Column 5 always represents the most trailing column. When the missing probe-element is positioned in the leading columns of the grid (e.g., Columns 1 and 2), the performance of the observers drops compared to the case in which the probe-element is positioned in the trailing columns (e.g., Columns 4 and 5) [Columns 1 and 2 average vs. Columns 4 and 5 average: t(3) = 4.877, p = .016]. Overall, the effect of column condition is significant [F(4, 12) = 9.49, p = .001] such that performance gradually decreases as the probe-element, which needs to be localized to do the task accurately, is moved more and more towards the leading part of the grid. In the Random Grid condition (Fig. 7, Random) , performance turned out to be, as expected, about the average of the Special Grid conditions (70% and 69% correct, respectively).
Although we assume that, due to a large number of stimulus dots, the observers are required to perceive the whole grid at the same time to perform the task, it might still be argued that a simple memory strategy could also be used by the observers. According to this memory argument, all five columns of the grid can be memorized as they pass the slit and then subsequently compared to the comparison grid. Since the columns presented later can be better remembered (i.e., recency effect), the reduced performance for the leading columns might not be due to their lower visibility as suggested here, but merely due to decaying memory. First of all, it should be noted that if the task was indeed merely a memory test, there should be a primacy, as well as a recency, effect (e.g., Atkinson & Shiffrin, 1968; Murdock, 1962) such that the performance for Column 1 should be better than those for the middle columns. However, our results in Fig. 7 do not support this argument. Second, all four observers reported that the leading columns markedly had a lower contrast then the trailing columns indicating differential visibility between the columns.
To further rule out the memory explanation, we also ran a control experiment. The control experiment was identical to Experiment 3 except that the individual columns of the grid were sequentially flashed, rather than moved, in the slit. After all five columns were flashed, the slit disappeared and a stationary comparison grid was presented until the observer responded whether the flashed and comparison grids were the same or not. This is purely a memory task such that observers need to construct the spatially extended image of the flashed grid by memory operations to later compare it to the comparison grid. If observers were using this same strategy in Experiment 3 (i.e., memorizing each column of the moving grid without really perceiving the whole grid), then we should expect the same level of performance for both the control experiment and Experiment 3. To test this hypothesis, the same four observers ran the Random Grid condition in the settings of Experiment 3 and of the control experiment. To mimic the visible and invisible times of the grid elements in Experiment 3 as closely as possible, in the control experiment, column flash duration and the interval between each column flashes were chosen as 44 and 32 ms, respectively. Fig. 8 shows the results of the control experiment along with Experiment 3 for four observers as well as their average. All observers performed better when the grid moved compared to the case in which its columns were flashed. On average, the performance was better by about 10% in the moving grid condition [t(3) = 3.554, p = .038]. It should be noted that the performance in the control experiment was better than chance [t(3) = 8.018, p = .004] which suggests that the task could be performed, at least to some extent, by simply memorizing each column of the grid. Clearly, however, the perception of a spatially extended image of the grid in the moving grid condition further helps observers to For example, for the construction of the comparison grid in the Random Grid condition, one of the five missing elements in the original moving grid was randomly chosen (top row and third column in this example) and moved to one of its neighboring locations in the comparison grid (second row from the top and fourth column from the left). For the construction of the comparison grid in the Special Grid condition, the pre-determined column is marked by an arrow. The missing element in this pre-determined column in the original moving grid (third row and second column from the left in this example) was moved to one of its neighboring locations in the same pre-determined column (second row from the top and second column from the left). do the task. Overall, these results show that the results of Experiment 3 cannot fully be explained by a simple cognitive strategy.
Discussion
The most parsimonious explanation for the reduced performance for the leading columns is that the leading columns have a lower contrast or visibility which, in turn, implies lower perceived speeds for the leading columns compared to the trailing ones. There is abundant evidence that human speed perception is affected by the contrast of the stimulus (Anstis, 2001 (Anstis, , 2004 Blakemore & Snowden, 1999; Gegenfurtner & Hawken, 1996; Stone & Thompson, 1992; Thompson, 1982) . The effect of contrast on speed judgments can even have consequences on behavior, such as a tendency to drive faster in foggy conditions (Snowden, Stimpson, & Ruddle, 1998) . In the light of these reports, we can predict that the lower perceived speed of the leading part of the ellipse relative to the trailing part found in Experiment 2 can be due to its reduced visibility. This prediction was supported in Experiment 3 in which we showed that the leading parts of an object are less visible than the trailing ones. Although, at this point, we cannot claim that the differential visibility is the only factor for the perceived differential speeds, we at least showed that it can partly explain the observed phenomenon.
Also, changes in attention or the arousal state of the observer might explain why the leading parts are less visible. Since the exact time at which the grid appears in the slit and its direction of motion are unpredictable from trial to trial, the leading parts might not receive full benefit from attentional resources. On the other hand, once the leading parts are seen and the direction of motion of the figure is determined, full attentional resources can be allocated for the processing of the trailing parts. The fact that abrupt visual onset of the leading parts can capture attention (Yantis & Johnson, 1990; Yantis & Jonides, 1984 , 1990 further facilitates the processing of trailing parts. Additionally, masking may play a role in determining the visibilities of different parts. The masking of the leading parts by the trailing ones might render them less visible, i.e., pattern masking by structure (Breitmeyer & Ögmen, 2006) .
We also believe that the paradigm we introduced in Experiment 3 is very suitable for an objective study of the slit viewing phenomenon. Early studies relied on phenomenological reports and generally asked observers to draw what they saw on a piece of paper (McCloskey & Watkins, 1978; Haber & Nathanson, 1968; Parks, 1965; Rock & Halper, 1969; Rock, Halper, DiVita, & Wheeler, 1987) . Later studies used more objective methods (Morgan, 1981; Morgan et al., 1982; Sohmiya & Sohmiya, 1992 , 1994 . However, even these methods were only suitable to study the very basic properties of anorthoscopic perception, such as quantifying the magnitude of apparent compression. Another major problem is the use of definitive features. As discussed in Section 5.1, an observer can catch a defining feature of an object while it passes the slit, without really perceiving the whole object. Based on this definitive feature, the observer could make an inference about what the shape of the object must have been. By having no definitive features and by allowing an objective test, our paradigm offers new directions, in particular, in the study of anorthoscopic perception, and, in general, in the study of form-motion interactions.
General discussion
In Experiment 1, we tested the hypothesis proposed by Rock (1981) which states that the apparent compression of an anorthoscopically viewed object results from an underestimation of its physical speed. Our results did not support this hypothesis. We found that although the ellipse is perceived compressed (Fig. 3a) , its perceived speed is always faster, but not slower, than the physical speed (Fig. 3b) . This was true for all three speed values tested. Based on the phenomenological reports, we proposed an alternative explanation which states that the apparent compression is caused by the fact that the trailing parts of a figure are perceived to move faster than the leading parts. In Experiment 2, we tested this hypothesis by measuring the perceived speeds of the leading and trailing halves of the ellipse. The results supported our hypothesis (Fig. 4) . We also replicated these results with a diamond figure  (Fig. 5) . In Experiment 3, we showed that the differential visibility of different parts of an object seen through an aperture might play a role in determining the perceived speeds. To this end, we devised a stimulus paradigm to measure the visibilities of different parts of an object. In this paradigm, we used a square grid pattern with five columns and confined the critical information to a specific column in a given trial. Our results showed that the performance of the observers gradually decreases as the critical information is moved more and more towards the leading column of the grid (Fig. 7) . We interpreted these results as an indication for the reduced visibility of the leading columns. Further strengthening our argument, in a control experiment, we ruled out the alternative memory explanation (Fig. 8) .
Although we believe that these results are important in their own right in offering a new perspective to anorthoscopic perception, we further believe that they can also shed light on the underlying dynamics of form perception for moving objects. According to a theoretical framework recently introduced by Ögmen (2007) , when the leading part of the ellipse is seen through the slit, it is registered, in real time, in a non-retinotopic space with its associated velocity vectors (Fig. 9a) . When the middle part is seen, it is mapped, with its own velocity vectors, to the same non-retinotopic representation as the leading part, such that the representation of the whole object gradually builds up. Finally, the trailing part of the ellipse is registered completing the non-retinotopic representation of the whole ellipse. Note that the magnitude of the associated velocity vectors gradually increases from the leading parts to the trailing parts. Due to these differential velocities associated with different parts, the ellipse is perceived to be compressed (Fig. 9b) . The differential velocities also predict non-uniform distortion of the figure. The final whole figure percept is not that of a uniformly compressed ellipse, but rather, a closed loop with its trailing end compressed more than its leading end. As mentioned in the discussion of Experiment 2, Roulston et al. (2006) reported Fig. 8 . The results of Experiment 3 cannot be explained by a simple memory strategy. The performance is significantly better in the moving grid condition than in the flashed grid condition. For the individual data, standard error bars represent between-session variability for a given observer. In the average data, error bars represent ±1SEM across observers (N = 4).
such an asymmetrical compression of an object moving behind an aperture.
Our current results also indirectly support the proposition that the transfer of information from the retinotopic to the non-retinotopic space is governed by perceptual grouping operations (Ögmen, 2007; . Based on the Gestalt principles of good continuation (i.e., things that can be seen as smooth continuations of each other tend to be grouped together) and common fate (Wertheimer, 1912) , the different parts of the ellipse (e.g., leading, middle, and trailing parts) are treated as constituents of a single object. Having defined as the constituents of a single object, the leading, middle, and trailing parts of the ellipse, all map to the same non-retinotopic representation within which the whole figure percept gradually builds up. In addition, recently, we directly tested the role of perceptual grouping operations in routing the information from the retinotopic to the non-retinotopic space and showed that when two objects moving behind a narrow slit are perceptually grouped, they are mapped to a same non-retinotopic representation and the perceptual compression of one can transfer to the other (Aydın, Herzog, & Ögmen, 2007) . However, when these two objects are not perceptually grouped, they are mapped to separate representations in the non-retinotopic space and the perceptual compression does not transfer between the objects (Aydın et al., 2007) . These results are in agreement with our previous findings showing that features of an object are attributed non-retinotopically according to grouping relations Otto et al., 2006) . In summary, although significant progress has been made during the last decades in understanding spatial, static aspects of human vision, the fundamental questions on the timing and dynamics of visual processing remain largely unknown. Because motion and dynamic occlusions are ubiquitous in our environment, understanding how the human visual system computes the form of moving objects, in particular in the presence of occlusions, is one of the most challenging frontiers in vision science. This is a challenging problem because such objects often generate smeared retinotopic activities and, in the presence of occluders, they fail to create a complete retinotopic neural representation. Therefore, a general solution to the problem of form perception requires an elaboration of how retinotopic and nonretinotopic mechanisms interact. Our framework aims to shed some light on the inner workings of this system of complex interactions.
